role in the development of disease [8] [9] [10] and, arguably, that this process is more susceptible than the former to environmental modulation.
The term epigenetics means outside conventional genetics [11] and was coined by the developmental biologist Conrad H. Waddington (1905 Waddington ( -1975 [12] . Waddington treated Drosophila pupae with heat and observed altered wingvein patterns [13] . The altered phenotype persisted in the population long after the stimulus was removed, suggesting that exposure to an environmental factor during a critical developmental window could produce a phenotype-change that lasted a lifetime and was manifested in subsequent generations. He referred to this phenomenon as "genetic assimilation," or "epigenetics" in modern terminology. According to this paradigm, epigenetics is the process by which the genotype of an organism interacts with the environment to produce its phenotype. It provides a framework to explain the source of variations in individual organisms [14] and also explains what makes cells, tissues, and organs different albeit the identical nature of the genetic information in every cell in the body, since different sets of genes are expressed in different cells in a distinct temporal sequence. The concept has thus expanded the "genecentric" view of inheritance biology by introducing the possibility of "nongenomic inheritance" as an adaptive mechanism for coping with environmental changes [8, 11] .
Currently, epigenetics is defined as heritable changes in gene expression that occur without alterations in DNA sequence. Epigenetic modifications are mitotically and transgenerationally inheritable [15] [16] [17] . Three distinct and intertwined mechanisms are now known to regulate the "epigenome": small-interfering RNAs, DNA methylation, and histone modifications [18] [19] [20] . These processes affect transcript stability, DNA folding, nucleosome positioning, chromatin compaction, and ultimately nuclear organization. Synergistically and cooperatively they determine whether a gene is silenced or activated and when and in what tissue it will be expressed. Thus, epigenetics has greatly expanded our understanding of the context of gene expression, which previously was believed to be dictated by the primary nucleotide sequence of a gene. Disruption of the epigenome or induction of "epimutations" [21] certainly underlies disease development [8] [9] [10] . Therefore, disease susceptibility is clearly a result of a complex interplay between one's genetic endowment and epigenetic marks "imprinted" on one's genome by endogenous or exogenous factors [11] .
Developmental plasticity, adaptive developmental reprogramming, and early origins of human diseases
Epidemiologic studies now support an early origin of adult human diseases. Classic examples include association between low birth weight and a greater risk of coronary heart disease, hypertension, stroke, depression, type 2 diabetes, and osteoporosis in later life [8, 10, [22] [23] [24] [25] [26] [27] . The paradigm of early origins of adult disease is rooted in the process of developmental plasticity [8, 28, 29] . Most human organ systems begin to develop early in gestation and do not become fully mature until weeks, months, or years after birth. A relatively long gestation and a period of postnatal and perhaps prepubertal maturation allow for prolonged interactions with the environment. These include episodes of hypoxia; hypo-or hypernourishment; infection; and hormonal, drug, or toxin exposures. Developmental plasticity occurs when such exposures, during critical periods of maturation, result in permanent alterations in the structure or function of specific organ systems. This process, commonly referred to as "developmental reprogramming or imprinting" [8, 23, 24] , is a so-called adaptive trait since it is an attempt to establish phenotypes that meet the demands of later-life environment [8, 10, 11, 28, 29] . When the resulting phenotypes match the predicted laterlife demands, the individual will remain healthy. When there is a high degree of mismatch, however, one's adaptability to adult life challenges will be impeded and disease risk will be elevated. The latter scenario is more frequent today than in past decades since contemporary human life is greatly influenced by lifestyle choices, which often are in conflict with the programmed adaptive changes made during early development. In addition, synthetic chemicals that mimic internal cues and artificial reproductive technologies are introduced into daily life at alarming rates. These can induce developmental reprogramming with no apparent late-life adaptive values. Collectively, these factors have increased the odds of a mismatch between early developmental programming and later-life demands that have caused various human diseases in recent decades.
Mechanistically, epigenetics underpins developmental reprogramming or imprinting. Thus, understanding how environmental factors influence various epigenetic processes during developmental reprogramming should provide new insights into early diagnosis, prevention, and treatment of these diseases.
Epigenetics as a mechanism of developmental reprogramming
The two most studied epigenetic mechanisms recognized as having a role in adaptive developmental programming are histone modifications [30] and DNA methylation [31, 32] . In simple terms, histone modifications refer to post-translational modifications of histone tails and DNA methylation involves the methylation of cytosine at the carbon-5 position in CpG dinucleotides. These processes work together to affect chro-matin packaging, which in turn determines which gene or gene set is transcribed. Changes mediated by either process are heritable; not only are they transmittable to the daughter cells but to subsequent generations. More recently, the roles of small/micro antisense RNA transcripts in gene regulation have come under intense scrutiny [33, 34] . Disruption of gene expression, via one or more of these mechanisms, likely underpins early origins of adult diseases.
DNA methylation refers to the covalent addition of a methyl group derived from S-adenosyl-L-methionine to the fifth carbon of the cytosine ring to form the fifth base, 5-methyl cytosine (5meC) [31, 32, 35] . The reaction is catalyzed by DNA methyltransferases and accessory proteins (Dnmt1, Dnmt3a, Dnmt 3b, Dnmt2, and Dnmt 3L). Across eukaryotic species, methylation occurs predominantly in cytosines located 5′ of guanines, known as CpG dinucleotides (CpGs). In the mammalian genome, the distribution of CpG dinucleotides is nonrandom [36] . CpG dinucleotides are greatly underrepresented in the genome because of evolutionary loss of 5meCs through deamination to thymine. However, clusters of CpGs known as CpG islands (CGIs) are preserved in 1-2% of the genome. Typically, they range in length from 200 bp to 5 kb. Most are unmethylated (in which occur near the transcription start sites) under normal circumstances except those associated with imprinted genes, genes subjected to Xchromosome inactivation, and transposable elements [31, 32, 35, 36] . In this regard, DNA methylation is thought to repress inappropriate expression of endogenous transposons that may disrupt the genome and are involved in parentalspecific silencing of one allele of imprinted genes [31, 35, 37] . In addition, about 70% of CGIs are associated with DNA sequences 200 bp to 2 kb long located in the promoter, the first and second exons, and the first intron regions of all genes (5′ CGIs), suggesting that CGIs are important for gene regulation [31, 35, 36] . There is usually an inverse relationship between the extent of methylation of a regulatory CGI and gene transcription. Two mechanisms have been proposed to explain how cytosine methylation leads to repression of gene transcription [31] . First, the methyl group of the 5meC extends into the major groove of DNA and inhibits binding of transcription factors (TFs) to their CpG-containing recognition sites. Second, a class of proteins known as methyl cytosine binding proteins (MeCPs) specifically binds methylated CGIs and create steric hindrance to the access by TFs to their regulatory elements. Both mechanisms will suppress gene transcription. Furthermore, upon binding to methylated CGIs, MeCPs recruit histone deacetylases (HDACs) and histone methyltransferases (HMTs). These enzymes mediate complex histone modifications (discussed below) and result in the establishment of repressive chromatin structures that permanently silent gene transcription [31, 35] .
DNA methylation patterns are established through defined phases during the development of an organism. With the exception of imprinted genes, gamete methylation patterns are erased by a genome-wide demethylation at around the eight-cell stage of blastocyst formation. During the implantation stage, methylation patterns are established via de novo methylation. During adulthood, the amount and pattern of methylation are tissue-and cell-type-specific. Disruption of these preset patterns of DNA methylation in adult life has been linked to aging and disease development [38] [39] [40] . Furthermore, dysregulation of developmental programming by maternal factors or environmental mimics is now believed to induce abnormal DNA methylation of specific genes that permit them to undergo inappropriate expression in adult life, leading to disease development. Recent evidence strongly supports DNA methylation is a key mechanism of the developmental basis of adult diseases. Contemporary methodologies needed to identify these target genes have been reviewed [41] .
Linear DNA is wrapped by an octameric complex composed of two molecules of each of the four histones H2A, H2B, H3, and H4 to form an array of nucleosomes. The amino termini of histones contain a diversity of posttranslational modifications [42] . Among them, acetylation and methylation of lysine residues in the amino termini of histones H3 and H4 are most highly correlated with transcriptional activities. Histone acetylation is usually associated with transcriptional activation due to the lower affinity of the acetylated histone for DNA, therefore allowing relaxation of the chromatin. Conversely, deacetylation of histone correlates with transcriptional silencing and the heterochromatic state. In addition to histone acetylation, methylation of histone H3 lysine 9 (H3 Lys9) correlates with a repressed state and heterochromatin assembly. Each lysine residue may be methylated in the form of mono-, di-, or trimethylation, adding to the complexity of the "histone code" [42] . Methylation of the histone tails increases the basicity and hydrophobicity of the histones , as well as its affinity for anionic molecules such as DNA. Thus, histones with methylated tails are found in heterochromatin harboring transcriptionally inactive genes. Acetylation is catalyzed by histone acetyltransferases (HATs) and is removed by opposing histone deacetylases (HDACs). Methyl substitution is catalyzed by the histone methyltransferases (HMTs) and may be removed by yet-unidentified histone demethylases (HDMs). It is now known that histone modifications work hand in hand with DNA methylation to regulate chromatin structure and gene expression. However, it remains tenuous whether early life or environmental factors influence the "histone code" in a manner similar to their influence on DNA methylation.
Evidence is rapidly emerging of a role of noncoding RNA transcripts (ncRNAs) in gene regulation [33, 34] .
These ncRNAs have been shown to modulate stability and translation of mRNAs by modulating polysome functions and chromatin structure. However, little to no information is available on whether early life and/or environmental factors could have an impact on these molecules. This will be a very fertile field of future investigation. Table 1 lists the studies demonstrating the epigenetic modifications induced by early-life and environment factors and their associated diseases/disorders. We choose to focus heavily on experimental models that provide more-mechanistic insights, while highlighting relevant epidemiologic studies. Several reviews have provided extensive accounts on this topic [8, [43] [44] [45] [46] [47] .
Early life and environmental factors in epigenetic reprogramming

Dietary factors
Maternal nutritional status and dietary factors are important developmental cues for fetal reprogramming that impact adult diseases. In animal studies we can pinpoint the exact developmental stages of exposure and the mechanism of reprogramming. However, population-based studies often provide only correlation data for extrapolations.
Dietary methyl donors and cofactors
Folate, methionine, choline, and vitamin B 12 are dietary methyl donors and cofactors involved in S-adenosylmethione (SAM)-substrated methylation. Waterland and Jirtle first demonstrated that supplementation of the diets of female mice with methyl donors before and after pregnancy permanently increased DNA methylation at the viable yellow agouti (A vy ) metastable epiallele in their offspring [48] . These investigators further showed epigenetic plasticity to methyl-donor diets at another metastable epiallele, axin fused (Axin Fu ). The window of susceptibility was not restricted to early embryos but extended to mid-gestation [49] . Several population studies have demonstrated a strong correlation between folate status and coronary artery disease. Patients with the atherosclerotic vascular disease often exhibit higher homocysteine and S-adenosylhomocysteine (SAHC) and lower genomic DNA methylation status [50] . However, N/A represents that particular factor that shows epigenetic effect on the genome but not directly associates with endocrine and metabolic disorders.
no specific genes have been identified as the target of reduced methylation in these patients. Another intriguing example of disease susceptibility related to methyl donor diet was illustrated in a population study reporting an association between folate status and a mutation in the gene encoding methylenetetrahydrofolate reductase, a key enzyme in determining genomic DNA methylation. This study suggests an interplay between nutritional epigenetics and genetic susceptibility in the modulation of gene expression [51] . Collectively, these findings offer valuable insights into the pathophysiology of diseases associated with nutritional epigenetics. This knowledge may also inspire novel prevention strategies by modifying the nutritional status of at-risk populations.
High fat or glucose intake
Typical western diets are high in fat and refined sugar (glucose). It is now known that a high-fat diet during pregnancy is associated with an elevated fetal estrogenic environment and a higher incidence of mammary cancer in the offspring. In Sprague-Dawley rats, during normal aging, mammary estrogen receptor (ER) undergoes progressive hypermethylation-mediated transcriptional silencing, which may offer a protective mechanism against cell growth and tumorigenesis. However, in utero exposure to a high-fat diet resulted in hypomethylation of the receptor's promoter and overexpression of ER in rat mammary glands, which is associated with a higher incidence of tumorigenesis in the exposed offspring [52] . Thus, early exposure to a high-fat diet has permanently disrupted a natural developmental program that might afford protection against mammary tumorigenesis. Prenatal glucose levels influence the risk of developing type 2 diabetes in later life, suggesting the presence of epigenetic memory that may persist in insulin/glucose target tissues [53] . Furthermore, the development of obesity or type 2 diabetes is associated with glucose-induced, persistent changes in gene expression. Among the affected genes is glucose transporter 4 (GLUT4), which is the major glucose transporter in adipose tissue, and skeletal and cardiac muscles. With 3T3-L1 used as a cell model, it was shown that both methylation of specific CpG sites and a methylation-sensitive transcription factor contribute to GLUT4 gene regulation during preadipocytes to adipocytes differentiation [53] . Additionally, differential DNA methylation was observed in promoters of genes involved in glucose metabolism. These include the facilitative glucose transporter 4 [54] and the uncoupling protein 2 [55] . Both are major targets involved in the development of type 2 diabetes.
Bioflavonoids and Tea catechins
Recently, there have been grave concerns about the health impacts of the isoflavones, a class of phytoestrogens readily found in the diet, particularly in soy products. They are biologically active and can signal via ER-and non-ER-mediated pathways [56, 57] . Moreover, early developmental exposure to the phytoestrogens equol and coumestrol induced hypermethylation of the c-H-ras promoter and gene silencing in the rat pancreas [58] . Adult dietary supplement with genistein, a major isoflavone in soy, was shown to hypermethylate a set of genes in rat prostate [59] . In contrast, maternal supplementation with genistein was shown to shift the coat color and protect Avy mouse offspring from obesity by modifying the fetal epigenome [60] . Additionally, genistein treatment of neonatal mice caused significant abnormalities in the reproductive systems of the female mice [61] . Collectively, these animal studies raise concerns about the safety of developmental exposure to genistein. Questions related to the susceptibility of developmental plasticity to phytoestrogens and long-term epigenetic memories remain unanswered. Beside bioflavonids, the tea polyphenol (-)-epigallocatechin-3-O-gallate (EGCG), is another natural compounds found to have modulating effects on DNA methylation [62] . EGCG was found to inhibit DNA methyltransferases and reactivate specific methylation-silenced genes in human colon and prostate cancer cell lines [63] .
Environmental factors
Heavy metals
The adverse health effects of occupational or environmental exposure to heavy metals can be mediated by epigenetic mechanisms. Heavy metals such as chromium (Cr), cadmium (Cd), arsenic (As), lead (Pb), and nickel (Ni) have been reported to exert epigenetic effects on the genome. Paternal exposure to Cr(III) was shown to modify the epigenome/genome and to induce transgenerational carcinogenesis [64] . Paternal exposure to Cr(III) increases tumor risk in offspring. One allele of the 45S rRNA spacer promoter was found to be hypomethylated in sperm germ cells after exposure to the heavy metal, leading to speculation that this epimutation may increase tumor risk in the offspring [65] . Short-term exposure of rat liver cells to cadmium inhibited DNA methyltransferase activity, but prolonged exposure to this metal ion caused neoplastic transformation and attended increases in DNA methylation and DNA methyltransferase activity [66] . The pathologies of heavy metal (Ni, As, and Cd) toxicity in rodents resemble those seen in animals fed a methyl-deficient diet (lacking choline and folate) [67] . The metal ions, as well as the diet, significantly inhibited DNA methyltransferase activity, perhaps leading to hypomethylation of diseasecausing genes. Epidemiologic data corroborate experimental findings and consistently show a broad range of disorders associated with arsenic exposure in humans. These include cancer, atherosclerosis, neurologic disturbance, and cardiovascular diseases [68] . Moreover, exposure to arsenic in utero induces cancer of the liver, lungs, urinary bladder, and kidneys [69] . In this regard, arsenic is classified as a "complete" transplacental carcinogen in mice. In addition to its potent mutagenic action, arsenic can act through epigenetic mechanisms that modify DNA methylation patterns. The metal ion has been shown to deplete SAM and repress DNMT1 and DNMT3A [70] . Other metals, such as lead and nickel, have also been reported to have relevance in transplacental exposures and later carcinogenic effects by acting through epigenetic mechanisms [71, 72] . More recent studies have also reported heavy metal-associated histone modifications and chromatin organization [72, 73] . Specifically, nickel ions induce the silencing of the gpt transgene in G12 Chinese hamster cells by increasing histone H3K9 dimethylation via inhibition of H3K9 demethylation [73] .
Xenochemicals and endocrine disruptors
The link between in utero exposure to the synthetic estrogen diethylstilbestrol (DES) and increased incidence of reproductive tract cancers in "DES daughters" has been a difficult lesson learned by the health-care community [74] . DES was prescribed during 1938 to 1971 to women to prevent miscarriages It is a long-acting estrogen and hence a potent endocrine disruptor. In humans and experimental animals, exposure to DES during critical windows in early development disrupts the differentiation of the reproductive tract and results in a high incidence of structural and functional abnormalities, as well as of cancers in hormonesensitive organs. Neonatal exposure of mice to DES induced demethylation of a single CpG site in the promoter of the lactoferrin gene [75] and exon-4 demethylation in the c-fos gene [76] in the uteri of the exposed animals. Prenatal exposure of mice to this xenoestrogen increased both liver weight and ribosomal DNA hypermethylation [77] . Recently, with the use of restriction landmark genomic scanning (RLGS), which can analyze genomewide DNA methylation, seven loci of the genomic DNA were found to be demethylated and one locus methylated in the epididymis of fetal and neonatal DES-treated mice [78] . In collaboration with Newbold and associates, we recently reported that neonatal treatment of mice with DES or genistein prevents the ovarian steroid-induced silencing of NSBP1 gene in the uteri of intact mice after the onset of puberty, via DNA hypermethylation [79] . The developmentally reprogrammable gene was identified by methylationsensitive restriction fingerprinting (MSRF) [41] . In this model, neonatal exposure to DES or genistein induces high incidences of endometrial cancer in intact mice approaching 18 months of age. Therefore, we hypothesize that the normal silencing of NSBP1 by ovarian steroids is disrupted by neonatal estrogen exposure. In this regard, epigenetic reprogramming by ovarian steroids during adult life may serve as a protective mechanism against endometrial cancer development. Early life disruption of this program could be the culprit of DES/genistein-induced endometrial cancer. Most important, it has been proposed that the adverse effects of DES can be transmitted across generations [80, 81] . The molecular targets that mediate this process are yet to be discovered.
Bisphenol A (BPA) was first synthesized as an estrogen mimic. At present, it is commonly used in the manufacture of polycarbonate plastics and epoxy resins. Developmental exposure to BPA results in morphologic and functional alterations of the male and female genital tracts and mammary glands and subsequently in an increase in susceptibility to infertility and the development of malignancies of the breast and prostate [82, 83] . In collaboration with Prins and associates, we first reported that neonatal exposure to environmentally relevant doses of BPA alters the prostate epigenome [84] . Using MSRF as an unbiased screening platform, we identified prostate phosphodiesterase type 4 variant 4 (PDE4D4) to be a target of epigenetic reprogramming (Fig. 1) . PDE4D4 is destined to undergo age-dependent transcriptional silencing via progressive hypermethylation of its promoter. However, neonatal exposure of mice to BPA or estrogen disrupts this developmental program and leaves the promoter of PDE4D4 resistance to a predetermined "shut-off' program. This aberration allows persistent overexpression of the gene throughout adult life. Since we recently found that PDE4D4 promotes prostate cell growth (Tang, unpublished data), we therefore hypothesize that chronic aberrant overexpression of PDE4D4 leads to unscheduled growth of the prostate that may predispose it to neoplastic transformation. Indeed, our data [84] showed an increased incidence of precancerous lesions in the prostates of mice neonatally treated with estrogen/BPA.
Anway, Skinner, and co-workers [17, 85, 86] have provided the first evidence that in utero exposure of male mice to vinclozolin, a pesticide and an antiandrogen, induced epigenetic changes that could be transmitted across four generations. The epigenetic modification in specific DNA sequences is associated with adult phenotypes such as decreased spermatogenic capacity and increased incidence of infertility [17] ; abnormalities in the prostate, breast, kidney, testis, and immune system [85] ; and aberrant mating behavior [86] . The latter phenotype has significant ramifications in evolutionary biology as it suggests that epigenetic transgenerational inheritance of endocrine disruptor action impacts sexual selection and natural selection. In this regard, epigenetics could play a determinant role in evolution and natural selection of species [86] .
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an environmental contaminant that has been reported to disrupt the normal development of experimental animals [87] . Exposure of mouse pre-implantation embryos to TCDD inhibited fetal growth, a response strongly associated with the changes in the methylation status of the imprinted genes H19 and IGF2 [88] . TCDD also induced histone modifications in normal human mammary epithelial cells [89] . Other environmental contaminants such as phthalate esters [90] , polychlorinated biphenyls [91, 92] , and chlorine disinfection by-products [93] also affect the reproductive system or induce tumor development by altering DNA methylation and/or steroid hormone metabolism and signaling.
Conclusions
Although this review has focused heavily on the interaction between environmental factors and epigenetics, early origins of disease can easily be determined by endogenous factors such as steroid hormones. In particular, estrogens and androgens play crucial roles in development, as well as in the genesis of diseases and cancer. They are now known to have profound epigenetic influences by acting upon developmental plasticity [17, 41, 85] , although their traditional actions are still mediated via classical nuclear receptor signaling pathways. The fact that the epigenetic "memory" can be transmitted to daughter cells and across several generations, influence sexual behavior, and thus impact Darwinian evolution makes this a field of investigation that should be highly valuable for generating new insights into the basis of disease development. The pioneer research examining a few epigenetic targets at a time are the proof-of-principle studies (McLachan [75, 76] , Newbold [61, 80] , Prins [94] , Ho [41, 79] , Soto [82] , Skinner [17, 85] and Hilakivi-Clarke [46, 52] ). To attain the next level of excellence, research in this area should focus on high-throughput comprehensive characterization of an entire epigenome susceptible to specific or multifaceted developmental reprogramming. Large-scale projects such as those defining an estrogen-sensitive epigenome are in order. Yet these investigations can progress only with adequate support from high-throughput modern technology platforms such as promoter tiling arrays, pyrosequencing, mass spectrometry, and bioinformatics analyses. The relatively long duration of developmental plasticity in humans (months fails to "shut-off" and is actively transcribed throughout life. We propose that chromatin structure is remodeled by opening the chromatin in the presence of histone acetyltransferase (HAT), methylation binding domains (MBDs) and other unknown factors and that this remodeling further prevents HDACs, DNMTs, and MeCP2 from binding to silence the gene. Persistent elevation of PDE4D4 expression is associated with the increase in incidence of prostate cancer later in life to years) will allow the environment to have a significant impact on reprogramming. Furthermore, some of the phenotypes will take many years to be manifested. The challenges to fully understand the basis of a disease could thus be overwhelming. Optimistically, however, since the epigenetic processes are long term and potentially reversible, once the origin of the disease is understood, intervention and prevention strategies could be devised and applied to reverse the course. These may include dietary interventions, lifestyle changes, and drug treatment. Future clinical practices to improve human health thus should shift from curative/ palliative care to personalized preventive medicine which could be based, in part, on the epigenetic marks engraved along the "book-margins" of one's genetic make-up.
6 Key unanswered questions Q1: How long or how many generations does it take to reverse an epigenetic imprint? How plastic is the system for reversal? What are the therapeutic or lifestyle opportunities? Are there non-invasive remedies? Q2: Does each class of environmental factor work on a unique set of reprogrammable genes? How much overlap between two unrelated environmental factors? Can one identify a distinct set of epigenetic marks for each stimulus and could these be developed into early predictors of diseases? Q3: What are the mechanisms responsible for integrating the various epigenomic changes induced by the vast number of environmental stimuli? Q4: What are the critical windows for epigenetic reprogramming? How long will it take for the ultimate phenotype to emerge? Could surrogate markers be used for prediction of disease and prescription of intervention?
